Objective: Loss of spontaneous fluctuations in resting microcirculatory flow has been described in diabetes mellitus, but its mechanism remains unexplained. Methods: The autonomic control of forearm skin microcirculation was investigated in 23 insulin-depen-Ž . Ž . dent diabetic human subjects median age 39 years, range 27-50 and in 23 age-matched controls median age 38 years, range 20-57 , by laser-Doppler flowmetry. Using spectral analysis of spontaneous microvascular fluctuations, we measured the power of 0.1 Hz Ž . '10-second rhythm' fluctuations, dependent on sympathetic control, and of respiration-related, high-frequency fluctuations, due to the transmission of mechanical chest activity. Autonomic function abnormalities were assessed by 5 tests of cardiovascular reflexes. Results: Abnormalities in cardiovascular autonomic tests were present in 7r23 patients: deep breathing was abnormal 4 in patients, standing in 2, handgrip in 3, cross-correlation in 4, and Valsalva ratio in 0. The power of 0.1 Hz microcirculatory fluctuations was significantly lower in Ž 2 . diabetic than in control subjects 2.57 " 0.16 vs 3.48 " 0.09 ln-mV , mean " s.e.m., P -0.001 , whereas that of respiratory fluctuations Ž 2 . was similar 2.60 " 0.24 vs 2.56 " 0.19 ln-mV , P s n.s. . The 0.1 Hz power was 2 standard deviations below the mean of controls Ž . P -0.05 in 13r23 diabetic patients; this abnormality was significantly more frequent than abnormalities in any other autonomic test Ž . P -0.001 . Conclusions: Since the observed reduction was confined to those microvascular fluctuations under autonomic control, but not to those dependent on passive mechanical transmission, the reduction in spontaneous microcirculatory vasomotion appears to be determined mainly by sympathetic dysfunction. Sympathetic impairment of skin microvascular control seems to be a common finding, and is probably an early index of autonomic dysfunction in insulin-dependent diabetes.
Introduction
Although our knowledge of the regional circulation in the skin of diabetic patients is very incomplete, loss of spontaneous variations in resting blood flow seems to be a w x characteristic finding 1 . The mechanism of this alteration is not clear but has been suggested to be due to autonomic w x neuropathy 1 , but this lacked proof.
Laser-Doppler flowmetry, a relative new method for non-invasive measurement of cutaneous blood flow, allows w x the study of these rhythmic variations 2,3 . Several researchers have found that the skin microcirculation is also Ž . involved in general central adjustments, and is sensitive w x to baroreflex-induced changes 4-8 . By using combined spectral analysis of the RR interval and the laser-Doppler Ž signal or, equivalently, finger skin photoplethysmogra-. phy , we have previously observed that fluctuations in the Ž . range of 0.1 Hz 10-second period represent an index of w x sympathetic activity in the microvessels of the skin 9,10 , whereas those synchronous with the respiration are due to mechanical effects on the circulation. These results are in agreement with previous hypotheses that the spontaneous ( ) variations of blood flow in the peripheral vessels are due w x to the activity of the sympathetic nervous system 4-6 . In the present study we measured the spontaneous fluctuations of the skin microcirculation by spectral analysis of the laser-Doppler flowmetry signal, to evaluate the extent of sympathetic impairment of skin microvascular control in subjects with insulin-dependent diabetes as compared to healthy controls.
Methods
The protocol was approved by the Ethical Committee of the Department of Internal Medicine at the University of Pavia and all the subjects gave their informed consent.
Diabetic subjects
We studied 23 consecutive insulin-dependent diabetic Ž subjects 11 men and 12 women, median age 39 years, . range 27-50 who met the following criteria: absence of other chronic diseases, absence of ketoacidosis in the past 6 months, absence of clinical symptoms of autonomic Ž dysfunction symptomatic orthostatic hypotension, bladder . or gastrointestinal dysfunction, impotence , normal ankle reflexes, absence of present or past complications of the foot, non-smokers, ethanol intake -50 g daily, and absence of current use of any other drug except insulin. Metabolic control was evaluated in all diabetic subjects by measurement of HbA . Table 1 reports the general data   1 obtained. All subjects had physical integrity in the skin and nails of hands and feet.
Control subjects
Ž Twenty-three healthy subjects acted as controls median age 38 years, range 20-57, 10 men and 13 women, all . non-smokers, ethanol intake -50 g daily . None had any personal or family history of diabetes mellitus; all had normal glucose tolerance. Table 1 reports the general data obtained.
Protocol and equipment
The study was performed between 9 a.m. and 11 a.m. None of the subjects was allowed to take caffeine on the day of the experiment. The room temperature was maintained at 228C. Room lighting was not excessive and ambient noise was kept to a minimum. The subjects remained in a supine position on a bed for 20 min before the study began.
Tests of cardioÕascular reflexes
Cardiovascular autonomic control was assessed by 4 standard cardiovascular reflex tests and by cross-spectral Ž analysis of RR interval and respiration cross-correlation . w x Ž . test . The 4 standard tests 11 were: 1 Heart rate re-Ž sponse to 6 breathsrmin deep breathing the subject was breathing deeply and evenly at 6 breathsrmin; the maximum minus minimum heart rate during each breathing cycle was measured and the mean of differences over 3
. Ž . successive breathing cycles was obtained . 2 Heart rate Ž response to the Valsalva manoeuvre the subject was blowing into an aneroid pressure gauge at a pressure of 40 mmHg for 15 s; the ratio of the longest RR interval after the manoeuvre to the shortest RR interval during the . Ž . manoeuvre was evaluated as the Valsalva ratio . 3 Blood Ž pressure response to standing greatest fall in systolic . blood pressure between lying and after 2 min of standing . Ž . Ž 4 Blood pressure response to sustained handgrip 30% of maximal voluntary contraction maintained up to 5 min using a handgrip dynamometer; the greatest increase in diastolic pressure was taken as the measure of the re-. sponse . Tests 1 and 2 are considered to reflect mainly the parasympathetic activity, whereas tests 3 and 4 are considered to reflect mainly the sympathetic activity. The crosscorrelation test estimates respiratory sinus arrhythmia by combined spectral analysis of RR interval and respiration Ž time series of 256 consecutive R-R intervals taking ap-. proximately 4 min of continuous recording together with w x the respiratory signal during spontaneous breathing 12,13 ; this is a highly sensitive index of parasympathetic outflow to the heart, useful for detecting autonomic damage in w x diabetes 12 .
MicroÕascular, respiratory and heart period fluctuations
Recordings were made supine during controlled respira-Ž . tion at 20 breathsrmin 0.33 Hz , to avoid interactions Ž between fluctuations in the same frequency range respira-
. w x tory and pressure waves 14 . We recorded lead II of the electrocardiogram and the respiratory signal from a pneu-Ž motachograph type 2 Fleish, Metabo Epalinges, Lausanne, . Switzerland . Skin vasomotion was obtained by laser-Dop-Ž . pler flowmetry PF2 model, Perimed, Stockholm, Sweden w x 2,3,15,16 . The laser probe was attached by means of an adhesive ring to the volar surface of the right forearm, avoiding areas over arterial vessels; this exerted a constant pressure of the probe on the skin. Calibration for electrical zero flow preceded any recording. The output gain of the laser-Doppler was kept constant throughout the study, so that data could be compared in different subjects. Blood flow fluctuations were expressed in mV. The aim of this study was to evaluate the spontaneous fluctuations in the microvasculature, so no attempt was made to obtain an Ž estimate of 'mean' flow requiring assessment of zero flow w x. by complete arterial occlusion of the limb 15 . LaserDoppler cannot provide absolute flow values that can be w x compared in different subjects 15 . Conversely, as the problem in the measurement is mainly about the baseline, the absolute value of the amplitude of fluctuation can always be assessed as an absolute value and can be used w x for comparisons in different subjects 16 , provided that similar skin areas are used for comparison. Room tempera-Ž . ture was kept constant 228C , but no attempt was made to control the skin temperature under the probe since it is well known that altering the skin temperature also modifies the flow by local mechanisms, interfering with the effects of central neural control. As all recordings in control and diabetic subjects were obtained under constant ambient temperature, the differences observed in vasomotion were due to the autonomic modulation of the microvessels.
To assess reproducibility, 4 of the 23 controls were studied in the supine position for periods of 4 min, 2 consecutive times at the same hour on 2 consecutive days during controlled respiration at 20 breathsrmin. Percent changes from day to day and from recording to recording were evaluated for both low-and high-frequency fluctuations of the laser-Doppler signal.
Data acquisition and analysis
The signals obtained were digitized on-line by a 12-bit Ž ArD converter on a Macintosh II computer Apple, . Coupertino, USA . Sequences of 256 consecutive RR intervals, respiration, and laser-Doppler signals were stored on disks for further analysis. Spectral analysis was per-Ž formed on the 3 signals electrocardiogram, respiration and . laser-Doppler by a conventional fast Fourier transform w x algorithm, using a cosinus tapered window 17 . In a healthy subject, the spectrum of the RR interval sequence shows two main orders of fluctuations: those at lower frequency usually peak around 0.1 Hz and are considered w x as a marker of sympathetic activity 18 ; in general, the high-frequency fluctuations do not have a fixed frequency, but are synchronous with respiration and are mainly influw x enced by parasympathetic activity 10, [12] [13] [14] 18 . Similarly the spectrum of the laser-Doppler signal shows two separate components: one synchronous with the main peak of the respiration and one at lower frequency, corresponding to the low-frequency peak on the RR interval spectrum w x 9,10 . We have previously shown that this low-frequency Ž peak in the microcirculation laser-Doppler or photo-. plethysmography is mainly influenced by sympathetic activity, is modified by postural changes, and is abolished Ž by anaesthetic agents; the measurement of its area from . 0.03 to 0.15 Hz represents a good index of sympathetic control in the microvessels of the skin. This is valid within the limits of a constant ambient temperature, as these Ž fluctuations are primarily the result of baroreflex i.e.,
. w x non-thermoregulatory mechanisms 9,10 . In the present study we evaluated the spectral power of the low-frequency fluctuations, as the area from 0.03 to 0.15 Hz, and the fluctuations induced by the mechanical effect of respiration, by evaluating the spectral power of the high-frequency fluctuations on the laser-Doppler spectrum, as the area coincident with the main peak on the spectrum of the respiratory signal. The control of breathing frequency avoided that occasional slow breaths could have created 0.1 Hz components due to respiration. The simultaneous analysis of respiration allowed to check that the subjects really breathed as required and allowed precise identification of the respiratory component on the other signals.
Statistical analysis
An unpaired t-test was performed to assess differences between the diabetic group and the control group. LaserDoppler spectral powers and cross-correlation data were evaluated for statistical analysis after natural logarithmic transformation, our preliminary statistical analysis having shown a skewed distribution. Linear regression analysis was performed to assess dependence of laser-Doppler data from age. The chi-square test was used to compare the frequency of alterations in each test. Results are expressed as mean " s.e.m.
Results

MicroÕascular fluctuations
The power in the low-frequency band was lower in the Ž diabetic than in the control group 1.14 " 0.19 vs. 1.97 " ln-mV in the control group, P s n.s. . An example of this pattern is shown in two representative subjects in Fig. 1 . The low-frequency fluctuations were considered as Ž 'abnormal' i.e., below 2 standard deviations from the . mean of control subjects in 8r23 diabetic subjects.
Laser-Doppler fluctuations showed an inverse correla-Ž tion with age in control subjects: low-frequency fluctuation ln-power, r s 0.716, P -0.001; high-frequency fluc-. tuations ln-power, r s 0.565, P -0.01, Fig. 2 . Therefore, the laser-Doppler fluctuation in ln-power was corrected by age according to the regression equations obtained in controls: age-corrected low-frequency fluctuations s low-Ž . frequency fluctuations q 0.039 = age years ; age-corrected high-frequency fluctuations s high-frequency fluc-Ž . tuations q 0.055 = age years . The age-corrected power in the low-frequency band was 2.57 " 0.16 ln-mV 2 in diabetic subjects vs. 3.48 " 0.09 ln-mV 2 in control sub-Ž . jects P -0.001 . Age-corrected high-frequency fluctuation power during respiration at 20 breathsrmin was 2.60 " 0.24 ln-mV 2 in diabetic subjects vs. Ž ered as 'abnormal' i.e., below 2 standard deviations from . the mean of control subjects in 13r23 diabetic subjects Ž . Fig. 3 . The power of low-frequency fluctuations did not correlate with the duration of diabetes regardless of correction for the age of the subjects. 
Ž .
Reproducibility of microÕascular fluctuations
In the 4 control subjects evaluated, inter-and intra-day low-frequency components of the laser-Doppler signal did not change more than 15%; high-frequency components did not change more than 13%.
Tests of cardioÕascular reflexes and comparison with microÕascular fluctuations
Abnormalities in cardiovascular autonomic tests were present in 7r23 patients. The heart rate response to deep breathing was 19.5 " 2.6 beatsrmin in the diabetic group Ž . and 23.1 " 1.4 beatsrmin in the control group P s n.s. ; Ž in 4 diabetic subjects 3 of them with abnormal laser-Dop-. pler low-frequency fluctuations data were -2 standard deviations from the mean of the controls. The cross-corre-Ž . lation was 4.74 " 0.19 arbitrary units au in the diabetic Ž . group and 5.07 " 0.13 au in the control group P s n.s. ; Ž in 4 diabetic subjects 2 of them with abnormal laser-Dop-. pler low-frequency fluctuations data were -2 standard deviations from the mean of the controls. The Valsalva ratio was 1.77 " 0.07 in the diabetic group and 1.84 " 0.06 Ž . in the control group P s n.s. ; in none of the diabetic subjects were data -2 standard deviations from the mean of the controls. The postural fall in systolic blood pressure was y6.5 " 2.5 mmHg in the diabetic group and y5.4 " Ž . 2.2 mmHg in the control group P s n.s. ; in 2 diabetic Ž subjects both with abnormal laser-Doppler low-frequency . fluctuations data were -2 standard deviations from the mean of the controls. The increase in diastolic blood pressure during handgrip was 15.7 " 1.9 mmHg in the diabetic group and 17.3 " 0.9 mmHg in the control group Ž . Ž Psn.s. ; in 3 diabetic subjects all with abnormal laser-. Doppler low-frequency fluctuations data were -2 standard deviations from the mean of the controls. In 8 diabetic subjects reduced low-frequency fluctuations were present without other autonomic abnormalities. The occurrence of reduced low-frequency fluctuations was signifi-Ž . cantly P -0.001, chi-square test more frequent than the abnormalities found in any other test.
Discussion
Previous reports have already shown that the spontaneous fluctuations in resting skin blood flow are absent or w x considerably reduced in diabetic patients 1 . Although it was hypothesized that autonomic neuropathy could be responsible for the development of this alteration, this hypothesis was not verified by further studies.
Rhythmic discharge patterns are basic properties of the w x spontaneous activity of central nervous structures 19 , and oscillations play a part in all regulatory procedures of the Ž . w x autonomic and the somatomotor nervous system 20 . Burton was the first to suggest that the activity of the sympathetic nervous system could be implicated in the genesis of the periodic changes in cutaneous blood flow w x 4,5 . In the present study we used laser-Doppler flowmetry, a recently developed technique that allows continuous w x non-invasive monitoring of skin perfusion 2,3,15,16 . This method was shown to be particularly useful in dynamic w x investigations of skin blood flow fluctuations 2,9,15 . In w x addition, similarly to other fluctuating signals 12-14,16 spectral analysis techniques can be applied to laser-Doppler data and allow precise and quantitative identification of the different sources of fluctuations. In previous studies w x 9,10 we observed that the skin microcirculatory power Ž spectrum obtained by laser-Doppler, or equivalently by . photoplethysmography shows at least two main orders of Ž fluctuations: those at lower frequency in the range of 0.1 . Hz, or 10-second period are influenced by sympathetic Ž activity, whereas those linked to respiration normally at . higher frequency, between 0.18 and 0.40 Hz are not modified by changes in autonomic tone. The slower fluctuations correlate with rhythmic variations with the same 10-second rhythm found in the RR interval and in the w x blood pressure 10,13,14,16,18 , which are dependent on w x sympathetic activity 14,18 . We also found that these 0.1 Ž . Hz oscillations unlike those related to respiration appear first in the microcirculation and later in the blood pressure, indicating that they do not represent passive transmission from larger arteries, but most likely originate in the miw x crovasculature 10 .
In the present study we have found a reduction of the 0.1 Hz skin blood flow fluctuations in diabetic patients. Conversely, no difference between the two groups was found when comparing the high-frequency fluctuations in skin blood flow. This selective decrease in the sympathetic-related fluctuations points to a decreased efferent sympathetic activity to the skin; this finding seems rather common among insulin-dependent diabetic patients. Reduced skin microvascular control was found not only in patients with one or more altered cardiac autonomic tests, but also in some of those with all the other tests normal. This new approach supports the hypothesis that sympathetic abnormalities occur earlier and more frequently than previously suspected, and are likely to develop in parallel w x with the parasympathetic neuropathy 21 . Both low-and high-frequency components in the laser-Doppler signal proved to be reproducible within the limits of similar w x cardiovascular fluctuations in other signals 12,22 . Age influenced significantly the amplitude of both low-Ž and high-frequency fluctuations in control subjects Fig. . 2 , suggesting a progressive loss of vascular distensibility with increasing age. This, however, affected to a comparable extent both the low-and high-frequency fluctuations in the control group, whereas the selective decrease of lowfrequency fluctuations found in our diabetic patients sup-Ž ports the hypothesis that non-neuropathic factors such as . reduced vascular distensibility are probably less important in causing the loss of rhythmic activity of cutaneous blood ( )flow in diabetes than we have observed. Efferent sympathetic nerve activity might also change physiologically with age, and contribute to altering vascular modulation; however, this should have affected both control and diabetic groups to a similar extent.
Studies on autonomic function exploring the autonomic control of the peripheral circulation in diabetes are scant, despite the current opinion that diabetic autonomic neuropathy is a widespread complication involving all of the autonomic system and that physiopathological abnormalities occur even in areas where clinical neuropathy is not w x commonly sought 23 . In a study evaluating the sympathetic outflow in skin nerve fascicles in diabetics, it was shown that sympathetic involvement in diabetic polyneuropathy might occur relatively early in the disease process w x 24 .
The practical importance of the loss or reduction in sympathetic efferent drive to the microvessels is also testified by the evidence that sympathectomy might cause w x structural changes in arterial smooth muscles 25 . There is also evidence that long-term sympathetic neuropathy causes w x increase of peripheral blood flow 26 , and sympathetic denervation has been proposed as the main cause of the increased blood flow in the lower limbs of diabetic paw x tients when standing 26 . Thus, sympathetic impairment is w x considered the chief cause of postural hypotension 27 and may also explain the intractable oedema which might w x occur in diabetics 21 . Our 2 patients with postural fall in blood pressure had both reduced laser-Doppler 0.1 Hz fluctuations.
Limitations of the study
The results that can be obtained by the laser-Doppler technique typically apply to the skin microcirculation, and therefore may not be representative of the microcirculation in other tissues. Even when considering the skin only, it is well known that the anatomic distribution of the microvessels is different in different parts of the body: the forearm, for example, is less rich in arterio-venous anastomoses compared than the fingers and ears. Nevertheless, although different in quantitative terms, we have found this pattern of fluctuation also in different skin regions, and with w x different methods 10,13,16 , confirming that the 0.1 Hz rhythm is commonly found in the skin microcirculation as w x evidence of modulation of non-local origin 6,10 .
Conclusions
The observed reduction in spontaneous microcirculatory vasomotion appears to be determined mainly by sympathetic dysfunction. Our findings indicate a high prevalence of sympathetic impairment of skin microvascular control in diabetes.
